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When static electric fields (F &90 kV/cm) were applied to the H photodetachment interaction re-
gion, new structure and lowered thresholds for production of neutral hydrogen were observed. Relative
partial cross sections were measured by detection of excited states of the fragment neutral hydrogen
atom H(N =4, 5, or 6) resulting from laser interaction with relativistic H ions. Downward shifts in the
onset of excited hydrogen production are observed to increase with field strength, and agree with a re-
cent hyperspherical coordinate interpretation of Zhou and Lin [Phys. Rev. Lett. 69, 3294 (1992)]. Field-
induced window-type resonance structure is observed both below and above the zero-field threshold
(ZFT) energy. Quenching of high-lying autoionizing states was also monitored, providing evidence of
field-induced tunneling by resonances lying just below the associated ZFT.
PACS number(s): 32.80.Fb, 31.50.+w, 32.80.Cy, 32.80.Dz
I. INTRODUCTION
Experiments investigating the effects of static electric
fields on H photodetachment thresholds have been lim-
ited to energies near the one-electron detachment thresh-
old at 0.7542 eV [1,2]. No resonances are known to exist
in this region, and field-induced ripples observed in the
cross section near threshold have been described in terms
of a time-dependent autocorrelation in the outgoing wave
function. Semiclassical closed-orbit theory [3] and frame
transformation methods [4,5] have also been successfully
applied to this problem, but not to the study of the higher
thresholds.
In the experiment reported here the photon energy
ranged from 13.4 to 14.2 eV, encompassing the
H(N=4, 5, and 6) production thresholds. Measured par-
tial cross sections display large downward shifts in the
threshold energy in response to applied static electric
fields ranging from 0 to 90 kV/cm. These are discussed
in Secs. III B and IV A. A partial cross section is propor-
tional to the probability for a photon to detach an elec-
tron from H and leave the fragment hydrogen atom in a
particular N state. (Our detector design did not allow for
discrimination among different angular momentum
states. ) The term "threshold, " which is not well-defined
in the presence of fields, is here taken to mean the ap-
parent threshold or onset of electron detachment.
At the larger field strengths (F ~50 kV/cm), interest-
ing structure appears in the threshold regions. In partic-
ular, a window-type resonance (dip in the cross section)
centered at approximately 13.513 eV, not evident in
lower field strengths, is observed in the H(N =4) contin-
uum channel for F=87 kV/cm (Sec. IVB). This is ex-
plained by Zhou and Lin as the field transformation of a
Feshbach-type resonance into a shape resonance [6].
Other complicated structures appearing below the zero-
field thresholds (ZFTs), probably caused by field-assisted
tunneling of zero-field autodetaching resonances, are also
explained in their treatment.
Theoretical study of the effect of a field on H autoion-
izing states is still in its infancy. Recent theoretical ex-
aminations [7] of the H (n =2) shape resonance
behavior in applied fields predict lifetime oscillations as a
function of field strength. Qualitatively, the predictions
may be applicable to high-lying Feshbach resonances, but
no rigorous calculations have been carried out for reso-
nances above the n =2 series when exposed to external
fields. Experiments in the n =2 region [8—11] have
shown the shape resonance to be quite stable in field
strengths up to 3 MV/cm, while the below-threshold
Feshbach resonance first splits into Stark-Lo Surdo
states, and then quenches in a field of about 2X10
V/cm.
Relative total cross sections for the lowest n =3 Fesh-
bach state were measured in 1985 [12] in applied fields up
to 2.36 MV/cm, where quenching occurred. The results
showed no discernible change in width or central energy
as the field magnitude was varied.
In this paper we compare widths and energies of reso-
nances recently observed in the H(N=4, 5, and 6) contin-
ue as a function of field strength (Sec. IVB). Field
quenching of the zero-field resonances in this region is
discussed in the same section.
II. EXPERIMENTAL METHOD
The basic experimental setup is depicted in Fig. 1. The
process is thoroughly detailed elsewhere [13,14], so we
give only a brief description here. The 800-MeV H
beam provided by LAMPF intersects the fourth harmon-
ic (Ei,b =4.66 eV) of a Spectra Physics DCR-2 Nd: YACs
laser at angles n sufBcient for photodetachment in an
ion's center-of-mass (c.m. ) energy range (E, ) from 13.4
to 14.2 eV, as dictated by the Lorentz transformation
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ergies between 13.50 and 13.80 eV, only H atoms with
the principal quantum number N ~4 are produced [15].
The ionizing magnetic is set to a field which strips H(4),
but leaves lower-X states unaffected. The resulting pro-
tons are deflected by a charge-separating magnet into a
separate counter from the neutral atoms, and constitute
the signature for photodetachment when observed in
coincidence with a laser pulse. At higher photon ener-
gies, hydrogen atoms with N = 5 and 6 were counted in a
similar manner.
The data from different runs were combined and
binned in 2-meV-wide bins after normalization to H
beam current and laser intensity. The cross section o. at
each angle a is given by
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FIG. 1. Diagram illustrating the basic principle of the experi-
ment. Between electric-field plates (HV denotes high voltage)
the fourth harmonic (4.66 eV) of the Nd: YAG laser intersects
the H beam at an angle n which produces the reaction
H +E, ~H(N)+e. The ionizing. magnet produces a field in
the H center-of-mass frame which strips the H(1V) excited
state of interest, but not lower energy states. Protons are detect-
ed using a scintillation counter after being separated from H
atoms and H ions by a charge-separating magnet.
p sina
IJ(1+Pcosa) (4)
where I and J are the H and photon currents, and R is
the rate of H production. The psina/(1+pcosa) factor
accounts for the changing c.m. photon Aux and beam
overlap with change in angle o.. G is a geometrical factor
which depends on the spatial and temporal overlaps of
the beams. Since we are unable to determine these over-
laps in our experiment, G is treated as an arbitrary con-
stant, and our cross sections are relative. Energy calibra-
tion was accomplished by monitoring laser-effected tran-
sitions between excited states of neutral hydrogen [13].
Our instrumental resolution was determined from the
width of the hydrogen lines to be 0.008 eV.
III. THEORY
or
H +hv~H **(n)~H(N)+e (3)
in static electric fields up to 90 kV/cm, applied perpen-
dicular to the H beam using two stainless-steel plates
situated above and below the interaction region. These
laboratory fields transform to larger fields in the frame of
the ion according to F, =yFhb. H ** is an autoioniz-
ing state described in Sec. III C. Since the photon carries
one unit of angular momentum and the H ion entering
the chamber is in its 'S' ground state, according to
electric-dipole selection rules the final state is always
+'L = 'I", where ~ is the parity and S is the total spin
of the two electrons.
The excited neutral hydrogen atoms H(N) 1) formed
by the photodetachment of H are field stripped and
detected as protons downstream in a scintillation
counter. An ionizing magnet located between the scatter-
ing chamber and the detector allows the selection of the
specific N state to be monitored. For example, at c.m. en-
E, =hv, =yE&,b(1+Pcosa) .
p and y are the usual relativistic quantities, and a is
defined to be zero when the beams meet head-on. The
laser intensity in the center of mass was about 10
W/cm . The interaction in the scattering chamber is
H +hv~H(N)+e
A. Zero-field thresholds
where A, is the effective angular momentum of the elec-
tron pair, k="t/2M(E —E,h, ), and M is the reduced
mass. The inhuence of the long-range dipole
[ VD = —a /(2r ), a & —,'] from the excited "core" H atom
results in an imaginary exponent, A, +
—,
'
=iv, so that the
cross section o. at threshold is a constant to first order.
Higher-order terms do exist, and should cause oscilla-
tions in the cross section immediately above threshold
[16]. Careen and Rau, however, show that the modulating
factor is modified by exp( era) where—a =v a —1/4 and
a is the dipole moment [17]. They calculated a for the
dominant photodetachment channels, and found that the
exp( era) factor make—s the amplitude of the expected
TABLE I. Dipole parameter a relevant to H photodetach-
ment accompanied by excitation of H(n) [17].
a (a.u. )
4.2671
6.1191
7.9184
exp( —mn)
1.5 X 10
4.5 X 10
1.6X10-"
According to Gailitis and Damburg [16], when no
external electric field is present the amplitude A for de-
tachment near threshold is given to first order by
g ~ k A+1/2
xl0'oscillations extremely w k-
with our current experim 1
y ea —too small to be observable
ental method (see Table I). -6,0
-6.5
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be partly attributable to field-assisted tunneling of
H **(n) doubly excited Feshbach resonances which con-
verge from below to each H(n) threshold. These are
"quasibound" states in which both electrons are excited
out of their ground states by a photon with an energy
greater than the electron affinity of neutral hydrogen
(0.7542 eV), so the resonances exist in the continuum of
free electrons. The individual resonances are often la-
beled as (IC, T)„" +'L where K, T, and A are approx-
imate quantum numbers describing radial and angular
electron correlations [19]. n and m are the principal
quantum numbers of the inner and outer electron, respec-
tively.
The resonances decay by "autoionization" to a frag-
ment H atom plus an electron. Here the principal quan-
tum number of the H atom is called N. In zero field the
resonances can be observed only in the H(N (n —1) con-
tinuum [21] because the inner electron must exchange en-
ergy with the outer electron if autodetachment is to
occur. As suggested by Lin [22], however, an external
field may supply the outer electron with enough energy to
allow autodetachment without affecting the principal
quantum number of the inner electron. It would there-
fore remain in the n level, and the resonance would be ob-
servable in the H(n) channel. The following order-of-
magnitude calculation shows that fields used in this ex-
periment are of sufficient strength for this process to
occur.
Consider for example the 'P' H '*(5) state with n =5
and m =7 below the H(5) threshold. The distance from
the inner (outer) electron to the proton is d (s). We take
d=5 a, [typical H(N=5) atom] and s =77 a.u. (from
HSC potential curves of Sadeghpour [23]). The field seen
by the outer electron is the dipole field of the "core" hy-
drogen atom
8d kv
(s+d/2)3 cm
So an external field of 30 kV/cm or greater should be
sufficient to strip the outer electron, making the reso-
nance observable in the H(5) channel. More detailed cal-
culations of Zhou and Lin explain this behavior in terms
of the changing shape of the 'P' potential curves in a
field [6].
The same theoretical investigation [6] offers an ex-
planation of the change appearing in a field of 87 kV/cm
in the H(N =4) cross section, where a dip which is not
seen in lower field strengths develops near 13.51 eV. It is
suggested that this feature is the result of the
modification of the 'P' + potential curve where an
effective centrifugal potential barrier is induced when a
field is applied [6]. This potential does not modify the po-
sitions of the first two resonances associated with the +
channel, but the third resonance is lifted to position
above the ZFT. The dip is interpreted as the third lowest
resonance [ (K, T)„"= (2, 16) ]a4ssociated with the 'P'
+ potential curve converging to the H(4) threshold.
Although there are no cross-section calculations show-
ing the effect of fields on resonant states for n )2, quali-
tative statements may be made. The zero-field H *'(n)
0
OS
04O
states should decrease in amplitude when a field is ap-
plied, simply because the outer electron can tunnel
through the lowered barrier. Since the higher-lying
states in each resonant series are more loosely bound,
they should be diminished and disappear in smaller field
(a)2000—
Eth, =13.502 eV
1500
4
4
4
a5
1000
0
0 500 N=4
JL
I I I I I I I I I I I I I I
13.495 13.5 13.505
Photon energy (eV)
1
13.49
I
13.51
1250 I I
(b)1000
Eth, =13.808 eV
750
500
250
IlTw T
u I TJ II0 N=5
-250', I. . . , I
13.79 13.795 13.8 13.805
Photon energy (eV)
13.81 13.8 15
1000 I
I
I II I
I
I
(c)E~,=13.975 eV800
31
J~
I
IL
I ( li
7
II
1 l) (
/
600
400
200
0
OQ
0
N=60
V
I
13.98
-200
1 13.96 13.97
Photon energy (eV)
3.95
FIG. 4. Thresholds fit to a step function. (a) H(4) threshold,
C.L.=0.02%. (b) H(5) threshold C.L.=95%. {c) H(6) thresh-
old, C.L.= 95%.
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strengths than those in the same series that lie lower in
energy.
Resonances which do not completely "disappear"
should become asymmetric in fields strong enough to
cause visible mixing of the 'I" states with even-parity
states, such as 'D' and 'S'. Spectral repulsion, wherein
the Stark states move away from each other, is also ex-
pected. A shift in the central energy may be taken as
possible evidence of this behavior.
Using R-matrix methods, Slonim and Greene [7] have
predicted that the width of the H shape resonance
(n =2) should change with field strength in an oscillatory
manner. Feshbach resonances are expected to exhibit the
same type of width oscillation. This aspect, as well as
quenching and asymmetry of high-lying resonance, has
been examined and is reported in Sec. IV B.
IV. ANALYSIS AND RESULTS
A. Measured threshoM shifts
The N=4, 5, and 6 ZFTs were fit to a step function
(See Sec. IIIA) with three parameters: E,h„B, and C,
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FICx. 5. H(X =4) relative partial cross section vs photon en-
ergy near the X=4 threshold for three different field strengths.
Error bars are statistical only. (a) No applied electric field. (b)
Applied field of 38 kV/cm. (c) Applied field of 87 kV/cm. Ar-
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FIG. 6. H(N =5) relative partial cross section vs photon en-
ergy near the X=5 threshold for three different field strengths.
Error bars are statistical only. (a) No applied electric field. (b)
Applied field of 38 kV/cm. (c) Applied field of 75 kV/cm.
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where E,h, is the threshold energy, B the cross section
below threshold, and C the cross section above threshold.
The results of fitting the ZFTs to a step function convo-
luted with a Gaussian function having a width equal to
the experimental resolution are shown in Fig. 4. While
the N =5 and 6 thresholds are good fits to a step function
with confidence levels of 95%, the confidence level (C.L.)
for the X =4 threshold to be a step function is only
0.1%. The poor conformation to a constant function at
the H(4) threshold may be an indicator that a centrifugal
potential is interfering in this energy region. In fact, a
shape resonance centered at around 13.5 eV, dominant in
the H(N=2) decay channel, has been predicted in R-
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FIG. 7. Threshold shift AE relative to the zero-field thresh-
old vs field strength. Solid lines are fits to the function
hE = —'
~
a
~
' ~'F ~' with the dipole moment a as a parameter.
Open circles indicate values from calculations of Zhou and Lin
[6]. Dotted lines are the function hE= &a~~'~ F ~' where a is
the theoretical dipole moment for the lowest + channel in the
manifold. (a) H(4) threshold shift values. The fit gives
a~
= 11.04+0. 19 a.u. The dashed line shows that the shifts are 8
times larger than those expected from the first-order Stark effect
in H. (b) H(5) threshold shift values. The fit gives
a~
= 13.03+0.17 a.u. The dashed line shows that the shifts are 6
times larger than those expected from the first-order Stark effect
in H.
matrix calculations of Sadeghpour, Greene, and Cavag-
nero [24]. For n =4 no shape resonance potential ap-
pears in HSC curves of Zhou and Lin, however. The ex-
perimental evidence is far from conclusive, but hints that
an experimental study with better statistics and better en-
ergy resolution might be in order.
H(4) partial cross-section measurements were per-
formed in c.m. field strengths of 0, 13, 25, 38, 63, and 87
kV/cm. The data in Fig. 5 are from 0, 38, and 87 kV/cm
runs —sufficient to show the trend with increasing elec-
tric field. Most notable is the large shift of the threshold
toward lower energies. Figure 6 shows the data for H(5)
production in 0, 38, and 75 kV/cm fields. The H(6) field
was examined in only two field strengths, 13 and 25
kV/cm. The threshold shifts to lower energies as it does
in the other channels, but no unusual structure is ob-
served in the N =6 continuum at these field strengths.
The changing shape of the cross section in response to
a field made it impossible to ascertain the photon energy
for the onset of production by fitting the data to any
known function. Therefore, each field-induced threshold
energy was chosen to be where the cross section is 13%
of its value at 40 meV above the ZFT. The 13% level
was selected because it gives values which are consistent
with theoretical ZFTs. The reference energy 40 meV
above ZFT was chosen in order to avoid field-generated
structure. The error in this method was assumed to be
+5 meV —probably an overestimate, as discussed below.
Figure 7 plots the amplitude of the threshold shift hE
relative to the ZFT for each field strength. These shifts
are nearly an order of magnitude larger than those ex-
pected from Stark splitting of the H levels, shown by the
dashed lines. The solid lines are fits to the function
—,
'a' I', detailed in Sec. IIIB. Our fits using the
MINUIT [25] code provide
~ a~ ~
= 1 l.0+0.2 ( 13.0+0.2 )
a.u. for the N =4 (5) threshold, where a is the dipole pa-
rameter of the relevant photodetachment channel. The
y /v value is less than 0.7 for both fits, implying that we
may have overestimated the size of our error bars [26], as
mentioned above. These values of a are not consistent
with theoretical zero-field dipole moments calculated for
the lowest + channel in each X manifold: a= —18.5
( —37.8) for n =4 (5) [from Eq. (9) of Ref. [23] ], indicat-
ing that the classical interpretation is inadequate. As ex-
plained by Zhou and Lin [6], it is found that the coupling
between the + and —channels plays a significant role
here. Their values for AE from quantum-mechanical cal-
culations are plotted as open circles in Fig. 7. Excellent
agreement with experiment is seen for the H(4) threshold,
while theoretical values are somewhat high compared
with the experimentally measured H(5) threshold shifts.
We see no obvious periodic Geld-induced modulations
of the type observed in the H(N =1) photodetachment
threshold [1,2]. One might expect this efFect to be
present since it is caused by the wave function rejecting
from the potential barrier induced by the outgoing elec-
tron. We suspect, however, that these modulations or
"ripples" in the cross section are being washed out by the
presence of resonances. The dipole field in the asymptot-
ic region may also interfere. We also note that the laser
used was not well characterized (about 50% 7r and 50%
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cr polarization); ripples might be more obvious if 100%%uo n.
polarization were used.
B. Qbserved Beld eÃects on resonances
Resonances converging to the n =5 and 6 thresholds in
fields ranging from 0 to 87 kV/cm were fit to the Pano
function [27]. Fano parameters are listed in Table II. Of
the three H * (5) resonances resolved in the experiment,
the highest-energy state, (IC, T)„"=7(3, 1 )5+, was
quenched by a field of about 87 kV/cm. As remarked in
Sec. IIIC, the resonance may tunnel into the parent
channel. One case in particular —that of the second-
lowest H *'(5) at about 13.77 eV—seems to verify this
idea. In the H(4) channel its energy in an 87-kV/cm field
corresponds to a similar feature in the shifted threshold
TABLE II. Fano widths I and central energies Eo for
(K, T)„"resonances observed in various static-field strengths F.
The error, assigned by our fitting program MiNUIT [25], is the
deviation from the best-fit value of the parameter that would in-
crease itsy value by 1.
region of the H(5) continuum channel [compare Figs. 5(c)
and 6(c)].
The lowest-lying resonance in the H * (5) series
[ (K, T)„"=5(3,1)5+] at Eo = 13.686 eV is quite asym-
metric in an 87-kV/cm field, probably a result of mixing
of the 'S' and 'D' states with 'I". [see Fig. 5(c)]. The
mixing may also account for slight variations observed in
the Fano width and central energy of the resonance as
the field magnitude is varied. Small variations in width
and resonance energy with field strength are also ob-
served in the second lowest H *'(5) at 13.77 eV and in
the two lowest H *'(6) resonances (see Table II).
A particularly intriguing change in the H(N =4) cross
section appears in F = 87 kV/cm. Figure 5(c) shows that
a dip develops which is not seen in lower field strengths.
A fit to the Fano function places this feature at
13.513+0.001 eV—10 meV higher in energy than the
ZFT. The width from the fit is 15+6 meV. Without ex-
plicit cross-section calculations, it is unknown whether
this feature should emerge as a peak or a dip, but the
field-shifted energy of 13.511 eV calculated by Zhou and
Lin using the WKB approximation compares favorably
with the central energy of the observed dip.
Resonance
.(z, z)„'
s(3, 1)s+
6(» 1)s+
7(3, 1)s+
6(4, 1)6
7(4 1)6+
(kV/cm)
0.0
13.0
25.0
38.0
63.0
87.0
0.0
2.0
5.0
7.0
10.0
11.0
13.0
25.0
38.0
63.0
87.0
0.0
2.0
5.0
7.0
10.0
11.0
0.0
13.0
25.0
38.0
50.0
63.0
75.0
0.0
13.0
25.0
(eV)
13.687(1)
13.686(1)
13.687(1)
13.685(1)
13.687(1)
13.688(1)
13.770(1)
13.771(1)
13.770(1)
13.771(1)
13.768(1)
13.769(1)
13.768(1)
13.769(1)
13.773(2)
13.772(4)
13.780(17)
13.792(2)
13.792(2)
13.795(2)
13.792(2)
13.791(2)
13.749(3)
13.881(1)
13.884(2)
13.883(1)
13.882(1)
13.879(1)
13.878(1)
13.881(1)
13.937(1)
13.933(2)
13.932(4)
r
(meV)
23(1)
21(1)
21(1)
22(2)
24(2)
20(2)
17(1)
18(2)
14(2)
14(2)
21(4)
17(3)
22(3)
15(2)
21(4)
21(9)
27(16)
20(4)
15(4)
10(2)
12(3)
19(7)
16(1)
18(1)
26(6)
17(3)
18(3)
17(3)
22(3)
13(2)
15(1)
26(6)
32(14)
V. SUMMARY
In applied electric fields, large, nonclassical shifts to
lower energy of the H(N =4, 5, and 6) production thresh-
olds were observed for the first time. The stronger fields(F~ 50 kV/cm) generate resonancelike structure in the
cross section below the ZFT region. It has been shown
that at least one of these resonances can be attributed to
Geld-assisted tunneling of a Feshbach resonance converg-
ing to the ZFT from below. This experimental evidence
of "decay to the parent" by an H Feshbach state is
compatible with results of HSC calculations by Zhou and
Lin. A different type of resonance develops above the
zero-field H(4) threshold energy as the magnitude of the
electric field is increased, and is quite obvious in a field
I'=87 kV/cm. This has been interpreted as a field-
induced shape resonance [6].
The zero-field Feshbach resonances converging to the
H(5,6, and 7) thresholds were observed to shrink and be-
come asymmetric when static fields were applied to the
laser-H interaction volume. This behavior is in accord
with current ideas about the nature of doubly excited res-
onances, but theoretical cross sections are as yet unavail-
able.
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